Objectives-The majority of childhood cancer patients now achieve long-term survival, but the treatments that cured their malignancy often put them at risk of adverse health outcomes years later. New cancers are among the most serious of these late effects. The aims of this review are to compare and contrast radiation dose-response relationships for new solid cancers in a large cohort of childhood cancer survivors and to discuss interactions among treatment and host factors.
Introduction
More than 80% of childhood cancer patients now achieve long-term survival, but the curative treatments for their primary cancers often put them at risk of adverse health outcomes years later (1) (2) (3) (4) . New cancers are among the most life-threatening and psychologically traumatic of late effects and, even when not fatal, can cause serious lifelong morbidity. Radiation treatment is the most important therapy-related contributor to excess risk of new solid cancers among childhood cancer survivors. A challenge to understanding radiation-related risks is that radiation-induced solid cancers typically do not appear until a minimum of 5-10 years after treatment, meaning that contemporary studies are documenting effects of historical treatments (5) . Analyses of risks of radiation-related second cancers in terms of a standard metric -radiation absorbed dose -can provide potentially generalizable understanding and a basis for predicting risks of new or hypothetical treatments without waiting for a minimum induction period to elapse.
Quantitative evaluation of the risks of subsequent cancers is complicated by the difficulty of assembling sufficiently large series of long-term survivors with adequate treatment information to allow for comprehensive, rigorous study. The Childhood Cancer Survivor Study (CCSS) meets these requirements. The original CCSS cohort includes 14,357 five year survivors of childhood cancer who were diagnosed between 1970 and 1986 with detailed information about treatment for the childhood cancer (6) (7) (8) . Survivors remain under regular follow-up by questionnaires sent every 2-3 years to ascertain subsequent health outcomes, including new primary cancers, and sufficient time has elapsed for new, treatment-related solid cancers to develop (9) . The combination of large study size, long follow-up, and detailed information about treatment creates unique opportunities for the study of treatment-related cancers and of host factors that might modify these risks.
Since 2005, the CCSS has published a series of analyses of treatment-related new primary cancers of the central nervous system (CNS) (10) , female breast (11) , thyroid gland (12) (13) (14) (15) , bone and soft tissue (16) , salivary glands (17) and basal cell carcinoma (BCC) of the skin (18) . These studies included detailed individual radiation dose reconstruction from radiotherapy records (19) . Conducting site-specific second cancer studies within the same cohort and using consistent methods for radiation dosimetry enhances comparability of results across solid cancer types. Here, we compare and contrast results from these studies concerning radiation dose-response relationships and highlight selected results concerning interactions among treatment and host factors to illuminate factors associated with radiation carcinogenesis.
Methods

Study population
Persons eligible for the study included those who were originally diagnosed with leukemia, CNS cancer, Hodgkin lymphoma (HL), non-Hodgkin lymphoma (NHL), Wilms tumor, neuroblastoma, or soft tissue or bone sarcoma before age 21 at one of 26 hospitals in the US or Canada between 1970 and 1986 and who had survived at least five years (5, 6) . Human subjects review boards at each participating center approved the study. A total of 20,276 eligible survivors were identified, of whom 14,357 were successfully located and agreed to participate. Initial contact and enrollment began in 1992 as a pilot with full implementation in 1994. Dose-response analyses described here are based on persons with radiation dose estimates (N=12,268). The usual reason for missing treatment information was lack of consent to review medical records. Informed consent was obtained from the survivor or parent for those who had died or were less than 18 years at the time of contact.
Treatment information
Medical records at participating hospitals were reviewed to obtain treatment information for the initial cancer, including radiotherapy. Records from radiation oncology departments were photocopied and forwarded to a collaborating radiation dosimetry group. Abstracted chemotherapy data included start and stop dates of all administered agents. Information about dose (mg/m 2 ) and route of administration was obtained for 22 agents. An alkylator score for alkylating agents was calculated according to the method described by Tucker et al. (20) .
Cancer ascertainment and medical history
Information about new primary cancers, other aspects of medical history, and cancer risk factors was obtained from a baseline self-administered questionnaire in 1996 and periodic (~every 3 years) follow-up surveys thereafter. Each questionnaire asked about the occurrence of new primary cancers. Reports of new cancers were reviewed by a pediatric oncologist and pathologist. Pathology reports were requested in instances where a new primary cancer was deemed likely or possible. A small percentage of new cancers was ascertained through linkages with the National Death Index.
Radiation dosimetry
For studies of specific types of second (or subsequent) cancer, medical physicists estimated radiation doses to the organ or location of interest within an organ. For matched casecontrol studies of cancers of the brain (10), breast (11) , skin (18) , and bone or soft tissue (16) , doses were estimated to the tumor site for the case and corresponding location in controls. For cohort analyses involving the thyroid gland (14, 15) and salivary glands (17) , an average organ dose was estimated for each individual in the cohort. Doses were reconstructed from radiotherapy records concerning the initial cancer and information regarding location of the subsequent cancer, using methods described previously (19) .
Statistical analysis
Conditional logistic regression (case-control analyses) or Poisson regression (cohort analyses) models were used to evaluate treatment effects and effect modification. Conditional regression analyses were conditioned on matching factors (age at diagnosis of the first cancer, survival and gender). Analyses were conducted for cancers of interest as second cancers only and as second or subsequent cancers. It made little difference in doseresponse relationships, and the latter are reported here. The software packages EPICURE (Hirosoft International, Seattle, WA), STATA (College Station, TX) and SAS (Cary, NC) were used for these analyses.
For radiation effects, the excess relative risk (ERR) = RR-1 was modeled. Radiation doseresponse models that were considered were simplifications of the general model: in which D=dose, and β 1 -β 4 are regression coefficients. The model ERR = β 1 D, corresponds to a straight-line dose-response relation, and β 1 equals the slope [ERR per gray (Gy) of radiation]. Possible effect modifiers, such as age at exposure, time since exposure and gender, were evaluated by including them in the exponential term. Analyses concerning effects of radiation were adjusted for main effects of chemotherapy. Likelihood ratio tests (2sided) were based on nested models, and profile likelihood-based 95% confidence intervals (CI) were calculated.
Results
Cohort characteristics
Baseline descriptive characteristics of the cohort are summarized in Table 1 . More than 85% of the cohort was still alive as of the last follow-up. The median interval from diagnosis of the first cancer to end of follow-up for those still alive at the end of follow-up was 21 years. The median interval from first cancer to subsequent cancer ranged from 9 years for glioma to 19 years for breast cancer.
Radiation-dose-response
Results of dose-response analyses from previous CCSS studies of radiation-related subsequent cancer risks are summarized in Table 2 and Figure 1 . Glioma, meningioma and cancers of the breast, thyroid gland, bone and soft tissue, skin (BCC) and salivary glands all showed significant positive linear terms for the radiation dose-response. Only for thyroid cancer was there statistically significant evidence of a departure from a straight line relationship, with a downturn at high doses beginning between 15 and 20 Gy. This relationship was best described by a linear-exponential-quadratic dose-response [(β 1 D)exp(β 4 D 2 )]. For the tumor types not showing departure from linearity, the lines clustered in two groups with differing slopes, with sarcoma, BCC and meningioma having a steeper slope (ERR/Gy > 1.00) and salivary gland cancer, glioma and breast cancer having flatter slopes (ERR/Gy=0.27-0.36). Dose-response relationships for these six types of neoplasm were consistent with linearity for doses up to 50 Gy. The slope of the ascending arm of the dose-response for thyroid cancer resembled slopes for sarcomas, BCC and meningioma for doses less than 10 Gy.
Effect modification
The examples described below are intended as being illustrative of types of effect modification observed in CCSS second cancer studies rather than as a comprehensive review of the topic. They exemplify the potential and sometimes striking effects of host factors, combined effects of radiotherapy and chemotherapy, and indirect effects of irradiation of sites other than the second cancer site of interest.
Radiation and host factors-In general, the linear component of the radiation doseresponse did not vary significantly by age at exposure or gender, with the exception of thyroid cancer and glioma. Thyroid cancer showed the expected inverse association with age at exposure for the linear term of the dose-response (P<0.001) (14) . For glioma, the overall test for trend for an effect of age at exposure was not significant (P=0.15); however, radiation-related risk was inversely associated with age at exposure, and the dose-response was significant only among persons irradiated prior to age 5; fitted slopes were nearly flat for those irradiated between the ages of 5-9 or 10-20 ( Figure 2 ) (10). Meningioma showed little relationship with age at irradiation (10) . For breast cancer, there was insufficient variation in age at diagnosis of first cancer among cases to permit evaluation by age at exposure, as there were strong correlations among type of first cancer, radiation dose to the breast and age at exposure (11) . Approximately two-thirds of the breast cancers occurred among HL patients, who had the highest breast doses, but HL rarely occurs before age 10.
Combined effects of radiotherapy and chemotherapy-Among non-irradiated patients, there was an indication of increased risk of thyroid cancer associated with prior treatment with alkylating agents (in particular, procarbazine); however, this association was dampened among persons who also received high-dose radiation to the thyroid gland and absent among those with thyroid doses of 20 Gy or more (Table 3 ) (15) . breast cancer in women not receiving chest radiotherapy (21) (22) (23) (24) , we evaluated the influence of ovarian radiation on radiation-related breast cancer risk (11) . The excess risk associated with breast irradiation was attenuated among women who also received ovarian radiation doses in excess of 5 Gy (P for interaction=0.002) ( Figure 3 ).
Effect of type of first cancer
Among specific types of first cancer, HL survivors generally showed the highest second cancer risks, but differences in risk by type of first cancer narrowed considerably once radiation treatment was taken into account. With adjustment for radiation dose, type of first cancer was not significantly associated with risk of subsequent glioma, meningioma, breast cancer or salivary gland cancer (10, 11, 17) . There were exceptions to this general finding. For example, after adjustment for radiation dose and age at irradiation, risk of thyroid cancer remained elevated among persons with an initial HL or neuroblastoma, with the latter association based on small numbers (9 cases) (12, 14) . A possible effect of heightened surveillance among HL survivors was suggested by the smaller average thyroid cancer size at diagnosis (12); however, this finding was not confirmed in a subsequent larger series (14) . When survivors diagnosed with a first HL were excluded from the analysis, the thyroid cancer dose-response relationship was essentially unchanged (14) . After adjustment for radiation dose and treatment with anthracyclines, risk of a second primary bone or soft tissue sarcoma was increased among survivors of an initial HL or sarcoma relative to those with initial diagnosis of leukemia (16) .
Discussion
In a series of analyses of second primary cancers in the CCSS cohort, significant radiation dose-response relationships were apparent for glioma, meningioma, carcinomas of the breast, thyroid gland, salivary glands and skin, and sarcomas of bone and soft tissue, all of which are considered as radiosensitive tissues (25, 26) . Only for thyroid cancer was there statistical evidence of departure from a linear dose-response, with downward curvature at high doses, likely due to radiation-induced cell-sterilization (14) . Also of note is the apparent clustering of linear dose-response relationships into two groups, one consisting of sarcoma, meningioma and BCC, and the other of glioma, breast and salivary gland cancer. The former group includes two types of cancers of mesenchymal tissue and one of epithelial origin; the latter includes two cancers arising from epithelial tissue and one from neuroepithelial tissue.
If our interpretation is correct, and the downturn in the radiation dose-response for thyroid cancer at high doses is attributable to cell-killing, then our observations suggest that high doses of radiation also "protect" against thyroid cancers initiated by other exposures, such as chemotherapy, and not simply by potentially oncogenic thyroid damage caused by radiation. This argues for a reformulation of the general relative risk model from:
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Author Manuscript which allows for a cell-killing effect of high-dose irradiation on thyroid cells transformed from any cause.
It is not clear why this downturn in dose-response is not seen for other solid cancers; however, it should be noted that a linear dose-response relation does not necessarily imply absence of cell killing. Fractionation of dose over a period of weeks allows time for radiation-induced stem cell repopulation, which can offset radiation-induced cell killing (27) . Replenishment of stem cells over time puts more cells at risk of transformation relative to numbers at risk in the case of acute radiation exposures and can yield linear dose-response relations extending to high doses, even when considerable high-dose cell killing is occurring (27) .
A higher ERR/Gy for meningioma than glioma following therapeutic cranial irradiation during childhood is a consistent finding (5, 28, 29) . An inverse association between age at radiation exposure and risk of glioma also has been seen for other irradiated populations, including exposures from radiotherapy for benign or malignant disease during childhood (28) (29) (30) , as well as atomic bomb survivors (31) . This observation could extend to other human neurocarcinogens, including those associated with gliomas in adults, making exposures during this early window of radio-sensitivity important in determining the level of risk in adults. This might be a reason why epidemiologic studies of gliomas in adults have been so unsuccessful in identifying causal environmental exposures (32) . The experimental chemical neuro-oncology literature shows a strong effect of timing of exposure, beginning in utero and extending through the post-natal period, not only on CNS tumor yield but also on histologic type (33) (34) (35) (36) .
The observation of a protective effect of high-dose ovarian irradiation on the subsequent risk of breast cancer is not surprising and has been reported previously in the context of artificial menopause (21, 22) , pelvic radiotherapy for malignant or benign disease (23, 24) , and irradiation of young adults for HL (37, 38) . The CCSS findings extend this observation to adolescence, a time when the ovaries are thought to be more radio-resistant as compared to adults (39) (40) (41) . They also demonstrate the combined effects of high-dose breast and ovarian irradiation. Such patients still experience excess breast cancer risk, but the excess is less than it would have been absent high-dose ovarian irradiation. The relevant target cells in the ovary for radiologic menopause are likely those involved in estrogen production. High-dose ovarian radiation may suppress estrogen production, as well as that of cells producing androgens that may be converted peripherally to estrogens (24) . In the absence of estrogenic stimulation, the tumorigenic potential of radiation-induced breast cellular damage might not be realized.
The generalizability of radiation risk estimates based on five-year childhood cancer survivors is unclear. Persons who develop a first childhood cancer may be at different, most likely increased, inherent risk of developing a new cancer in comparison with the general population due to a higher likelihood of genetic predisposition. Persons who survive five or more years after a first cancer are a selected sample of all childhood cancer patients. They may also be under increased surveillance, at least temporarily, relative to the general population. Survivors of a first cancer may alter their lifestyle in ways that affect, in either direction, their risks due to other, non-treatment exposures.
Strengths of the CCSS studies include individualized dose reconstruction based on radiotherapy records, consistency of dose reconstruction methods across studies, the availability of chemotherapy data, the relatively large size of the cohort, long-term follow-up and high participation proportions on follow-up surveys.
Nonetheless, these studies have limitations. We cannot exclude the possibility that successful tracing of eligible survivors or their decision to participation in the study was related to the occurrence of subsequent cancers (42, 43) . Subsequent cancers in the CCSS cohort are largely self-reported. Study collaborators sought pathologic confirmation of self-reported cancers and, when doing so, searched broadly so as to include possible cancers. Nonetheless, there is a possibility of under-ascertainment. Results give an incomplete picture of risks of new primary cancers insofar as the cohort is limited to five-year survivors of the initial cancer. This is more of an issue for treatment-related leukemia, which commonly occurs before the five-year time point, than for solid cancers. Cancer treatment for recurrent disease or intervening new primary cancers was not effectively ascertained, particularly when it occurred at an institution other than the original treating hospital or more than five years following diagnosis of the first cancer.
There are uncertainties in dose reconstruction even when complete treatment records were available. Dosimetry was estimated based on pictures, diagrams and descriptions rather than film confirmation; if the second tumor was not located accurately within an organ, tumor site-specific dose estimates would carry imprecision. In addition, the radiotherapy often occurred at an age when organ size and position in the body were changing and can only be inferred. To adjust for this, tumor location in an adult needed to be extrapolated backwards in time, with estimates about where the progenitor cell might have been located at the time of irradiation. Even when doses can be well characterized, dose distributions across the study population were not ideal for evaluating the shape of the dose-response, organ-specific doses tended to be clustered at high-or low-dose extremes, with limited information for intermediate dose ranges. Furthermore, correlations among type of first cancer, organspecific radiation dose and age at exposure makes it difficult to distinguish effects of each factor on second cancer risk. Aspects of radiation treatment other than total radiation dose could not be evaluated due to lack of variation; nearly all treatments involved high energy photons, and total dose and number of dose fractions tend to be highly correlated.
In summary, quantitative study of radiation-related second cancers, including both doseresponse and factors that modify dose-response, provides some basis for generalization regarding new types of radiotherapy and for projecting risks associated with contemporary or hypothetical future treatment regimens. The fact that adjustment for radiation dose and chemotherapy greatly attenuates associations between subsequent cancer risk and type of first cancer suggests that treatment effects in most instances predominate over inherent susceptibility factors related to type of first cancer, and that meaningful inferences can be drawn about radiation effects from studies of new cancers among persons with different types of first cancer. Results of such studies also are relevant to radiation protection and to hypotheses about mechanisms of radiation carcinogenesis. Thus, inclusion of detailed radiation dosimetry in studies of second cancers not only provides information relevant to the clinical management and follow-up of cancer survivors but also allows for potentially generalizable insight into radiation epidemiology and radiobiology that may be applicable in different, and possibly novel, settings. With continued follow-up and study of the CCSS cohort as it reaches the ages at which the incidence rates of typical adult cancers increase sharply, a more comprehensive picture of radiation-related cancer risks among childhood cancer survivors will emerge.
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